Results had no effect on repressor activity, but this mutation also prevented the block in repression by the G1 Cdks ( Figure 1A ).
Mutation of Phosphoacceptor Sites or Deletion of Cdk Docking Sequences in the C-Terminal Region of Rb Prevents a Cdk-Mediated Block
The ity is that phosphorylation of the C-terminal region causes a conformational change that disrupts the adja-1996). Even though the pocket contains consensus Cdk phosphoacceptor sites, the repressor activity of this cent pocket. As another possibility, the C-terminal region, when phosphorylated, may interact with the region is not inhibited by Cdks; however, when the C-terminal region of Rb (amino acids 792-928) is inpocket, blocking its repressor activity. In the first model, the C-terminal region might only function in cis (when cluded with the pocket and G1 Cdks are activated by expression of their cyclin regulator subunits, active refused to the pocket); however, in the second model, the C-terminal region may be able to block pocket repressor pression is inhibited ( Figure 1A ) (Chow and Dean, 1996) . The C-terminal region contains docking sites for both activity when expressed in trans (on a separate protein).
To distinguish between these mechanisms, the pocket cyclin D and cyclin E within the region C-terminal to amino acid 870 (Adams et al., 1999) . Deletion to amino and the C-terminal region were coexpressed on separate proteins along with cyclin D, and active transcripacid 882 (⌬882) removes all of the cyclin D docking sites and all but one potential cyclin E docking site. This tional repressor activity was analyzed. This expression of the C-terminal region in trans along with cyclin D ⌬882 mutation did not affect repressor activity, but it prevented the inhibition of active repression by Rb when efficiently blocked repression by the pocket ( Figure 1B) . Above, we demonstrated that the C⌬4 mutation of phoseither cyclin D or E was expressed ( Figure 1A) . Likewise, mutation of four Cdk phosphoacceptor sites in the phoacceptor sites in the C-terminal region of Rb prevented cyclin D-Cdk4/6 from blocking repressor activity C-terminal region (S-807, S-811, T-821, and T-826) (C⌬4) ( Figure 1A) ; however, we found that expression of the wild-type C-terminal region in trans restored the ability of cyclin D-Cdk4/6 to block repressor activity of Rb containing the C⌬4 mutation ( Figure 1B) . It has been demonstrated that mutation of T-821 and T-826 prevents G1 cyclins from blocking binding of Rb to LXCXE proteins (Knudsen and Wang, 1996) . We found that introduction of this C⌬2 mutation into the C-terminal region in trans (as with the C⌬4 mutation) prevented derepression by cyclin D expression ( Figure 1B) , providing further evidence that binding to LXCXE proteins (such as HDAC) is important for active repression by Rb.
The above results demonstrate that the phosphorylated C-terminal region of Rb in trans can block repressor activity of the pocket, suggesting that phosphorylation of the C-terminal region may cause it to interact with the pocket and disrupt pocket activity.
The Phosphorylated C-Terminal Region Inhibits HDAC Binding to the Pocket Active transcriptional repression by the Rb pocket is mediated at least in part by recruiting members of the by Rb when the C-terminal region was in cis, cyclin E interaction ( Figure 3B ). Therefore, we conclude that inhiwas equally effective as cyclin D when the C-terminal bition of HDAC binding (and thus blocking active represregion was expressed in trans ( Figures 1A and 3C ). sion) as a result of cyclin D-Cdk4 phosphorylation of the These results suggest that the activity of cyclin E-Cdk2 C-terminal region is a separate event from inactivation of is somehow constrained when the C-terminal region is in E2F (which requires cyclin E-Cdk2). Indeed, expression cis, and this constraint is removed when the C-terminal of a dominant-negative form of Cdk2 along with cyclin region is expressed in trans. Additionally, cyclin E-Cdk2 D had no effect on the block of Rb repressor activity was not as efficient as cyclin D-Cdk4/6 in phosphorylateven though it did block the effect of cyclin E (Figure ing the C-terminal region in vivo ( Figures 1C and 1D ). 1A), suggesting that Cdk2 activity is not required for Together, these results suggested that, when the C-tercyclin D-Cdk4/6 to block active repression by Rb.
minal region is expressed in trans, cyclin E-Cdk2 may Even though expression of cyclin D alone had no efbe able to block Rb activity through a mechanism disfect on Rb-E2F interaction, coexpression of cyclin D tinct from that of cyclin D-Cdk4/6 and independent of with cyclin E resulted in further disruption of the Rb-E2F C-terminal phosphorylation. complex and a further inhibition of E2F activity (Figures We reasoned that if inhibition of HDAC binding by the 3A and 3B). These results suggest that cyclin D-Cdk4/6 phosphorylated C-terminal region were the only mechamay facilitate the inhibitory effect of cyclin E-Cdk2 on nism by which Cdks block Rb repressor activity, then Rb-E2F interaction and thus on E2F activity. Our results the C-terminal region in trans with phosphorylation sites then reaffirm the previous notion that cyclin E-Cdk2 has mutated should not block repression. Indeed, this was an additional effect on Rb, and we initiated studies to the case when cyclin D was expressed, but expression of cyclin E still led to derepression with either C⌬4 or examine how cyclin E-Cdk2 affects Rb function. Figure 3C ). Likewise, expression of cyclin E also resulted in a block of repressor activity when the C-terminal region in trans was coexpressed with the lysine patch mutant. We concluded that cyclin E-Cdk2 has an additional inhibitory effect on Rb that is distinct from inhibition of HDAC binding. This novel activity, in the context of full-length Rb, is dependent upon prior interaction between the lysine patch and the phosphorylated C-terminal region, but this activity becomes constitutive and independent of these sequences when the C-terminal region is expressed in trans. Based on these results, we suggest that the initial cyclin D-Cdk4/6-mediated phosphorylation of the C-terminal region and its subsequent interaction with domain B removes a steric constraint imposed on the C-terminal region when it is in cis, thereby bringing it into proximity of the pocket. This allows cyclin E-Cdk2, docked to the C-terminal region, to further act on the pocket. Expression of the C-terminal region in trans removes the steric constraint and thus eliminates the need for the initial interaction between the phosphorylated C-terminal region and the lysine patch in domain B.
C⌬2 in trans (

The C-Terminal Region Facilitates Cyclin E-Cdk2 Phosphorylation of S-567 in the Pocket
If relief of steric constraint is all that is required for cyclin E-Cdk2 to block repressor activity by the pocket, it is unclear why the C-terminal region is required, either in cis or in trans, for cyclin E-Cdk2 to phosphorylate the pocket and block repressor activity. We concluded that in addition to inhibiting HDAC binding, the C-terminal region must have another role in inactivating the pocket through a second cyclin E-Cdk2-dependent mechanism. It seemed likely that this second activity of the C-terminal region might be to facilitate phosphorylation of the pocket by cyclin E-Cdk2. To address this possibility, 
phosphorylation of the C-terminal region causes it to
Rb from binding and inactivating E2F by disrupting interaction between pocket domains A and B. In coimmunointeract with the lysine patch in pocket domain B and precipitation assays, binding of the unphosphorylated inhibit HDAC binding. This initial interaction facilitates C-terminal domain to the pocket did not disrupt the a second phosphorylation-independent interaction with A-B interaction, nor was the A-B interaction significantly the pocket that is required for cyclin E-Cdk2 phosphoryaffected when cyclin D was coexpressed in these assays lation of the pocket. These results provide an explana-( Figures 5B and 5D-5F ). However, expression of cyclin tion for how phosphorylation by cyclin D-Cdk4/6 (which
E indeed led to disruption of the A-B interaction when triggers the initial interaction) can facilitate phosphorylathe C-terminal region was coexpressed in trans (Figures tion by cyclin E-Cdk2 (which is dependent upon the 5B, 5D, and 5E). second interaction). It also provides a molecular basis
The binding site for E2F and HDAC on Rb are distinct, for the observation that both cyclin D-Cdk4/6 and cyclin allowing a complex of HDAC-Rb-E2F to be targeted to E-Cdk2 are required for complete hyperphosphorylation promoters (Brehm et al., 1998) . We suggest that interacof Rb. However, the effect of cyclin E-Cdk2-mediated tion of phosphoacceptor sites on the C-terminal region phosphorylation of the pocket was still unclear.
with the lysine patch blocks binding of Rb to HDAC, thereby preventing active repression. However, the RbCyclin E-Cdk2 Disrupts Interaction of Pocket E2F complex persists, and subsequent phosphorylation Domains A and B of the pocket by cyclin E-Cdk2 is required to disrupt In contrast to the effect on active repression by Rb pocket structure and eliminate binding and inactivation ( Figure 1A) , expression of cyclin E was more efficient of E2F. Therefore, we conclude that the ability of cyclin than cyclin D in preventing Rb from inhibiting E2F ( (Figure 6A). S-608, S-612, S-780 , and S-788 could all be mutated without affecting pocket repressor activity ( Figure 6A ). We then asked whether mutation of these phosphoacceptor sites in the pocket would eliminate the ability of cyclin E-Cdk2 to block repressor activity. For these assays, pocket constructs with the phosphoacceptor sites mutated were coexpressed with cyclin E and the C-terminal region in trans (with the four phosphoacceptor sites mutated in order to eliminate the lysine patch interaction and make inhibition of pocket activity totally dependent upon cyclin E-Cdk2). Mutation of these phosphoacceptor sites in the pocket did not prevent cyclin E-Cdk2 from blocking repressor activity ( Figure 6A ), and furthermore, cyclin E-Cdk2 still disrupted the A-B interaction when these sites were mutated ( Figure 5H ). These results suggest that phosphorylation of S-608, S-612, S-780, or S-788 by cyclin E-Cdk2 does not affect pocket activity or structure. S-567 is phosphorylated by cyclin E-Cdk2 in vitro, and this is dependent upon the C-terminal region, whereas phosphorylation of the other Cdk phosphoacceptor sites in the pocket is not ( Figure 4A ). nine Cdk phosphoacceptor site is followed by a mandatory proline residue (Songyang et al., 1994; Holmes and Solomon, 1996). Therefore, we mutated the proline at support of this possibility, we show that the cyclin E amino acid 568 to an alanine (⌬568), thereby eliminating effect on HDAC binding is eliminated with the ⌬568 mu-S-567 as a Cdk phosphoacceptor site. This mutant retation ( Figure 6D ). The finding that cyclin D expression tained full repressor activity ( Figure 6A) . To test the iminhibits HDAC binding to ⌬568 further emphasized that portance of S-567 as a potential phosphoacceptor site cyclin D and E are acting through distinct mechanisms for cyclin E-Cdk2, we cotransfected an expression vecand that the ⌬568 mutation does not prevent cyclin tor for ⌬568 along with the reporter containing a minimal D-dependent phosphorylation of the C-terminal region promoter and E2F sites. 
